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Sugarcane grows comparatively slowly in dry mass during both the early and the late part of its growth period. Rate of leaf production
increases less with temperature than in other tall warm-climate grasses. This leads to a comparatively low rate of tillering, and a delayed start of
stem elongation. Consequently, there is a comparatively lengthy period of ‘lost time’ before the stimulus of the elongating stem leads to an
increase in dry mass growth rate. The slow growth during the late part of the growth period is associated with a decrease in rate of stem elongation
and an increase in the mass of non-structural material in the stem. Rate of respiration (total ‘dark’, and maintenance) is lower at normal
temperature than other warm-climate grasses. A low rate of maintenance respiration should decrease the fraction of assimilate that must be
expended to maintain the large non-structural mass in the stem. The slow stem elongation during the late part of the growth period might be
indicative of a decrease in rate of respiration, reflecting rate of metabolism, hence of synthesis of structural dry mass, to the benefit of storage of
sucrose. The growth pattern of sugarcane may be ‘optimal’ for maximising sucrose yield, balancing delayed growth with decreased respiratory
carbon loss.
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Sugarcane (Saccharum spp. hybrid) grows slowly during the
early part of its growth period by comparison with other warm-
climate gramineous crops. Sugarcane takes up to 4 months from
emergence to produce a complete leaf canopy, i.e. one large
enough to intercept almost all the incoming radiation (Bull and
Glasziou, 1975; Thompson, 1991; Robertson et al., 1996). In
contrast, maize (Zea mays) normally produces a complete leaf
canopy in little more than 2 months (Allison, 1969; Wilson
et al., 1973), and pearl millet (Pennisetum typhoides) in less
than 2 months (Begg, 1965). These species are all tall tropical
grasses; these times for the production of leaf canopies are for
cropping regions where the species are grown in agriculture.
Growth in dry mass is slow in sugarcane during the early part of
the growth period, apparently because of the slow production of
a complete leaf canopy. A comparison of sugarcane and maize
made in Zimbabwe (Allison and Haslam, 1982) showed growth⁎ Corresponding author.
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doi:10.1016/j.sajb.2007.04.065in dry mass initially to be much faster in the maize; 4 months
after sowing, when the maize was approaching maturity, its total
above-ground biomass was about three times that of adjacent
sugarcane. Sorghum (Sorghum bicolor) and maize grow at
similar rates (Muchow and Davis, 1988), suggesting that
sorghum, too, grows faster than sugarcane. Results reviewed by
Bull and Glasziou (1975) show early growth in dry mass in
sugarcane to be similarly slow in other regions; they have
commented that the high yields produced by sugarcane are due
more to an extended growth period than to superior photosyn-
thetic efficiency.
Sugarcane also grows comparatively slowly in dry mass
during the late part of the growth period (Lingle, 1997; Allison
and Pammenter, 2002), but this is not associated with a decrease
in the size of the leaf canopy, which normally remains near its
maximum until the time of harvest.
Considering the lengthy period during which sugarcane, like
other important crops, has been subjected to selection for yield,
its slow growth seems surprising. In this study, the growth of
sugarcane was compared with that of another tropical grass,
Pennisetum pupureum (Napier grass), of similar growth habit;ts reserved.
Fig. 1. Number of leaves per stem plotted against thermal time. Circles:
sugarcane; triangles: P. purpureum, together with the fitted linear regression
lines. For sugarcane, y=0.0083x−2.07; for P. purpureum, y=0.027x−10.34.
Fig. 2. (a) Changes with thermal time in number of tillers per unit land area and
in stem length. Dashed lines with open symbols: tiller number; solid lines with
filled symbols: stem length. Triangles: P. purpureum; circles: sugarcane. (b)
Changes with thermal time in leaf area index and in above-ground dry mass per
unit ground area (W). Dashed lines with open triangles and circles: leaf area
index; solid lines with filled triangles and circles: dry mass. Triangles: P.
purpureum; circles: sugarcane. Open squares with dashed lines are the dry
masses of the components of sugarcane dry mass (stem, total soluble or non-
structural, and sucrose), as indicated.
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hence vegetatively propagated. The objective was to determine
the physiological attributes associated with the relatively slow
growth of sugarcane, and, in comparison with information from
a rapidly growing species of similar growth habit, together with
published data in the literature, to assess whether the attributes
of sugarcane could have any advantage for sucrose yield.
2. Methods
The study was carried out at the Zimbabwe Sugar
Experiment Station, in the country's sugarcane growing region
(c. 20°S). The region is semi-arid and the crops are irrigated.
Crops of sugarcane and P. purpureum were grown on adjacent
experimental blocks. The staple sugarcane cultivar, NCo376,
was grown with standard management: fertilisation according to
soil analysis, rows spaced at 1.4 m, and irrigation based on
calculated water use. Sugarcane is established by planting
sections of stalk horizontally in shallow furrows, shoots
sprouting from nodal buds. The planted area was divided into
four replicate plots, from each of which a sample of shoots was
harvested at approximately 4-week intervals from 4 to 52 weeks
after emergence. Individual plants cannot be determined, and
samples consisted of shoots in a 2-m length of row. Sampled
lengths of rows were separated by 1-m lengths of rows, and
bordered by untouched rows. Attributes determined include
number and length of stems, leaf area, dry mass of the stems and
green and withered leaves (withered leaves normally remain
attached to the stem), and nitrogen concentration of the green
leaf laminae (by the Kjeldahl method). After stem length had
reached c. 1 m, the composition (structural or fibrous tissue –
cellulose, hemicellulose, lignin – and non-structural material
consisting of inorganic acids, amino and other organic acids,
proteins, glucose, fructose and sucrose, i.e. the substances
comprising the metabolically active stem tissue) of the
harvestable part of the stem (i.e. excluding the apical meristem
and unelongated internodes) was also determined.
A local strain of P. purpureum was grown in four replicates
with the same cultivation methods as for the sugarcane. The
same observations and measurements as on the sugarcane were
made on samples of shoots harvested at approximately 4-weekintervals, from 2 to 26 weeks after emergence, but the
composition of the stems was determined only at the final
harvest. During the 26 weeks from planting to final harvest of
the P. purpureum (half-way through the growth period of the
sugarcane), mean temperature and photosynthetically active
radiation (PAR) were 23.4 °C and 11.9 MJ m−2 day−1.
Growth data were plotted as a function of thermal time,
rather than calendar time. Thermal time was expressed as
growing degree days (GDD), which are calculated as the
accumulation of daily mean temperature values ((maximum+
minimum)/2) minus a base temperature (tb), below which
growth is assumed not to occur. In this case tb was taken as
12 °C, an appropriate value for sugarcane (Inman-Bamber,
1994).
3. Results
The number of leaves per stem is plotted against thermal
time in Fig. 1. Rate of leaf production was substantially greater
in P. purpureum than in the sugarcane: fitted straight lines had
slopes of 0.023 leaves GDD−1 (R2 =0.97) for P. purpureum and
0.0083 GDD−1 (R2 =0.96) for sugarcane.
Tillering, stem elongation, and growth in leaf area and dry
mass are presented in Fig. 2. Plotted points are the means of the
respective four replicate values. Standard errors for total dry
mass at the earlier harvests were c. 10% of the mean, decreasing
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stem length, and leaf area index (leaf area/land area ratio, L)
were generally somewhat smaller. For the sake of clarity,
standard errors are not included in Fig. 2; rather, because the
P. purpureum and the sugarcane were grown separately, on
adjacent fields, it seems more appropriate to indicate ‘signif-
icance’ by stating that there was generally no overlap of 95%
confidence intervals for the two crops, except where values
were about the same, such as at c. 1000 GDD for tiller number,
and after 1500 GDD for L.
Tillering began sooner, was faster, and tiller number reached a
maximum sooner in P. purpureum than in sugarcane (Fig. 2a).
Stems began elongating rapidly at about the time of maximum
tiller number (Fig. 2a), thus starting sooner in the P. purpureum
than the sugarcane, at c. 800 GDD and c. 1100 GDD, res-
pectively. Production of a leaf canopy began earlier, and was
faster in P. purpureum than in sugarcane (Fig. 2b), L reaching a
maximum c. 600 GDD (about 50 days) sooner than in the
sugarcane. Slower growth of L in sugarcane was associated with
later onset and slower rate of tillering (see Fig. 2a).
In both crops, the start of a phase of rapid, near-linear growth
in dry mass coincided approximately with the start of rapid
increase in stem length (Fig. 2a), the onset of this phase of
growth thus beginning sooner after emergence in P. purpureum.
During the phase of near-linear growth, rate of growth was
similar in the two species. Crop growth rates (C, rate of increase
in dry mass per unit land area) were calculated as the slope of
the straight line fitted to dry mass (see Fig. 2b). The value of C
for P. purpureum, calculated over the range 820 to 1680 GDD,
was 4.3 g m−2 GDD−1 (R2 =0.97), and that for sugarcane,
calculated from 1460 to 2420 GDD, was 4.1 g m−2 GDD−1
(R2 =0.94). So-called lost time due to slow early growth is
obtained by extrapolating the fitted straight line to the time axis
(Monteith, 1981). Lost time was c. 700 GDD in P. purpureum
and c. 1200 GDD in the sugarcane.
After the near-linear phase, growth in dry mass was
somewhat slower in P. purpureum during a short period of c.
450 GDD (about 40 days) until final harvest (Fig. 2b) (P.
purpureum is usually harvested at a younger age than at the final
harvest in this study). At the final harvest non-structural tissue
constituted c. 20% of the stem dry mass, somewhat less than
half of which was sucrose. In the sugarcane there was a
comparatively lengthy period of slow growth in dry mass,
between c. 2400 and 3800 GDD (about 110 days). At harvest,
nearly 50% of the stem dry mass consisted of soluble material
and about 90% of this was sucrose (Fig. 2b).
4. Discussion
4.1. Growth rate
The growth rate of sugarcane, measured by almost any
attribute (rate of leaf production, tiller production, stem
elongation, biomass accumulation), was lower than that of P.
purpureum. However, during the linear phase the growth rates
of the two crops were similar; the differences occurred early and
towards the end of the growth period. The slower tillerproduction and growth of sugarcane (Fig. 2) was associated
with the comparatively slow leaf production (Fig. 1): tillers
develop from buds in the axils of leaves, and thus rates of
tillering depend on rates of leaf production (Jewiss, 1966), and
stems of grasses normally begin elongating at about the time of
maximum tiller number (Jewiss, 1972). The later onset and
slower rate of tillering in sugarcane led to slower canopy
development, a comparatively late start of stem elongation and a
considerably longer lost time (1200 vs. 700 GDD). These
results are consistent with the arguments of Green and
Vaidyanathan (1986) that the elongating stem provides a strong
sink which drives carbon assimilation at an approximately
constant rate, irrespective of the size of L, and fluctuations in
environmental conditions. Thus the slow early growth of dry
mass in sugarcane can be explained by slow leaf production
giving rise to slow tillering and delayed stem elongation.
The rapid linear phase in sugarcane was followed by a period
of slower growth in terms of biomass accumulation (Fig. 2b; the
P. purpureum was harvested shortly after the end of the linear
growth phase). Slower growth during the late part of the growth
period, the so-called ripening phase of increasing sucrose
concentration, appears to be normal in sugarcane (Lingle, 1997;
Allison and Pammenter, 2002). It was not associated with
decreasing L, which remained near its maximum value (Fig. 2b).
Probably it was due partly to the decreasing specific leaf nitrogen
content (mass N per unit leaf area, SLN), which causes
diminished photosynthetic capacity (Ludlow et al., 1991;
Allison et al., 1997); SLN decreased from c. 1.3 g m−2 during
the phase of rapid growth in dry mass to c. 0.8 g m−2 during the
subsequent phase of slower growth in dry mass (see Fig. 2b).
4.2. Why does sugarcane grow slowly?
This question can be addressedmechanistically (the proximate
cause) or in terms of the consequences of slow growth (the
ultimate cause). To answer, the question requires consideration of
data in addition to those presented here. The rate of leaf
production in sugarcane is lower than in a variety of gramineous
crops. Rate of leaf production is often expressed as the
phyllochron, the interval between the emergence of successive
leaves, which is the inverse of rate of leaf emergence. The
production rate of 0.0083 leaves GDD−1 for sugarcane gives a
phyllochron of 120 GDD, similar to values of 100 to 120 GDD
obtained for other cultivars by Inman-Bamber (1994). The rate of
0.023 leaves GDD−1 for P. purpureum gives a phyllochron of
44 GDD; similar values have been obtained for maize (50 GDD,
tb=10 °C; Allison and Daynard, 1979), for P. typhoides S. & H.
(30 GDD, tb=10 °C; Ong, 1983) and for rice, Oryza sativa L.
(probably about 60 GDD, tb=10 °C; Nemoto et al., 1995).
The phyllochron tends to remain constant during the phase of
leaf production, when measured in units of thermal time (Kirby,
1995), which implies that rate of leaf production increases linearly
with temperature. Fig. 3 shows the rates of leaf production,
calculated from the phyllochron values quoted in the previous
paragraph, plotted as a function of temperature. Rate of leaf
production in sugarcane evidently increases considerably less with
increasing temperature than is the case for the other tropical grasses.
Fig. 4. Rate of maintenance respiration, in relation to temperature, of leaves and
the whole shoot of sorghum (data from McCree, 1983, 1988); and temperature
dependence of the rate of ‘dark’ respiration of leaves, the whole shoot, and the
stem of sugarcane (data from Glover, 1973).
Fig. 3. Rate of leaf production as a function of temperature in four gramineous
crops. Data for P. purpureum and sugarcane, this study; for maize, Allison and
Daynard (1979); for millet, Ong (1983).
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There are, however, studies suggesting that the rate of
respiration is substantially lower in sugarcane than in some
faster growing tropical grasses. In Fig. 4, total dark respiration
rates in sugarcane, and maintenance respiration rates in
sorghum are plotted against temperature. (Maintenance respi-
ration is the fraction of dark respiration associated with the
maintenance of existing biomass (Amthor, 1984).) The curves
representing leaves, whole shoot and stem for sugarcane are
quadratic fits to data of Glover (1973); R2 values range from
0.90 to 0.94; the curve for the stem probably reflected
maintenance respiration only, because measurements were
made more than 24 h after photosynthesis was prevented by
excising leaves. The curve for sorghum leaves was calculated
from values given by McCree (1988), and that for the whole
shoot from those of McCree (1983). Maintenance respiration for
leaves and the whole shoot of sorghum at normal temperature
(say 24 °C) are apparently more than double the dark respiration
rates of the leaves and whole shoot, respectively, of sugarcane,
and increase more rapidly with temperature in sorghum (Fig. 4).
Additionally, maintenance respiration rates (in young plants) of
maize appear to be similar to those of sorghum: at 18, 25 and
33 °C, rates were 7, 15 and 44 mg C g−1 day−1 in maize
(Penning De Vries, 1975), and 10, 19 and 36 mg C g−1 day−1 in
sorghum (McCree, 1983), and so maize would also appear to
respire more rapidly than sugarcane.
Maintenance respiration rate of the stem only was not
measured for sorghum, but, because the stem consists almost
entirely of structural material, is apparently negligible (McCree,
1988). Similarly, the structural part of the stem of sugarcane can
be regarded as non-respiring. At 24 °C (an appropriate mean for
sugarcane climates), dark respiration of the stem is 5.0 mg g−1
day−1 (Fig. 4); with a non-structural fraction of 55%, respiration
of the non-structural part of the stem works out at 9.1 mg g−1
day−1, or 80% of the rate for leaves at 24 °C (see Fig. 4). The
bulk of the non-structural part of the stem consists of sucrose,
i.e. storage material (Fig. 2b). Nevertheless, the inclusion of
sucrose in the respiring mass of the stem does seem justified;
sugarcane storage tissue accumulates sucrose against a strong
concentration gradient, using energy provided by respiration,
and there is considerable hydrolysis and resynthesis of sucrosein maturing internodes (Whittaker and Botha, 1997), presum-
ably also involving expenditure of energy. In any case, rate of
respiration measured by Glover (1973) was that of well-
developed stems (c. 2 m long) with a substantial sucrose
content.
4.3. The mechanistic basis of slow growth in sugar cane
Green and Vaidyanathan (1986) observe that, because the
onset of rapid biomass growth is associated with a develop-
mental stage (the start of stem elongation), its timing will
largely depend on the temperature experienced during early
growth. Similarly, the timing of this biomass growth will
depend upon the degree to which development during early
growth responds to temperature. The low-temperature response
of development in sugarcane (Fig. 3, and accompanying
comments), would lead to delayed onset of stem elongation,
so lengthy ‘lost time’ (Monteith, 1981), and consequently must
place a limitation on productivity of the crop.
Sugarcane also grows slowly during the late part of the
growth period. This low rate of stem elongation could be
indicative of a decrease in rate of respiration (total dark, rather
than only maintenance); variation in rate of stem elongation
amongst larch (Larix laricina (Du Roi) K. Koch) clones has
been found to be positively correlated with the rate of
metabolism (measured as metabolic heat rate) of the stem
apical meristem (Hansen et al., 1989). Metabolism, its rate
reflected by respiration rate, provides the carbon skeletons and
energy for synthesis of plant structure, and slow total respiration
rate could lead to slow growth rate.
The reduced growth rate during the latter part of the growth
period of sugarcane is associated with a decrease in SLN; this is
invariably the case as plants age, even if substantially more than
commercial amounts of N are supplied (Stevenson et al., 1992;
Allison and Pammenter, 2002). The fall in SLN results in
diminished photosynthetic capacity of the leaf canopy (Allison
et al., 1997), during a period when the bulk of the sucrose is
accumulated (see Fig. 2b). The reason for this is unknown, but
leaf N concentration might reflect that of the meristem, from
which both leaves and stem internodes develop. A shortage of N
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stem structural growth (Lawlor et al., 1988), and Trewavas
(1983) suggests that a large carbon to N ratio at the stem apex
could depress synthesis of structural tissue, N assuming a
growth regulator role.
4.4. The consequences of slow growth in sugarcane
Both development (reflected by rate of leaf production) and
respiration (which is a measure of metabolism) are less
responsive to temperature in sugarcane than in other tropical
grasses of similar morphology (Figs. 3 and 4). There may be
both disadvantages and benefits of these attributes with respect
to productivity of sugarcane. Considering the long period of
intensive selection for sucrose yield to which sugarcane has
been subjected, it may be asked why the potential limitation on
productivity resulting from a low developmental response to
temperature, and the decreased growth rate in the late part of the
growth period, have not been selected against. However, the
low temperature response of maintenance respiration (Fig. 2 and
accompanying comments) should benefit productivity in
sugarcane. During the growth period, the stem fraction of the
living above-ground biomass (i.e. excluding dead leaf)
increases to near four-fifths by the time of harvest (Fig. 2b;
Haslam and Allison, 1985; Thompson, 1991); of this fraction,
55% to 60% consists of non-structural material (Fig. 2b; and
calculated from data in Bull and Glasziou, 1963). With such a
comparatively large fraction of tissue requiring maintenance,
the rate of maintenance respiration can be expected to have an
appreciable influence on the amount of assimilate available for
growth in biomass. In this regard, a simulation by Sheehy et al.
(1980) indicated that a 10% decrease in rate of maintenance
respiration of ryegrass (Lolium perenne L.) would result in a
near 15% increase in biomass yield after 50 days of growth.
Also, synthesis of structural material, and storage of non-
structural carbohydrate apparently compete for assimilate
(Chapin et al., 1990; Pammenter and Allison, 2002), and so a
decrease in stem structural growth during the slow late phase of
growth might lead to a relatively greater potential for storage of
sucrose.
In the germplasm available to breeders, development and
respiration may have had similar (low) responses to tempera-
ture. Past selection that might have increased the temperature
response of development (and so decreased the lost time) might
also have increased the temperature response of respiration. The
advantage of decreased lost time may have been outweighed by
the disadvantage of increased carbon loss associated with a
higher respiration rate, given the high proportion of respiring
(non-structural) tissue in the stems. Thus the current growth
pattern of sugarcane may be ‘optimal’ for maximising sucrose
yield, balancing delayed growth with decreased respiratory
carbon loss.
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